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Abstract
In a recent preliminary study it was
reported that a severe head injury
resulted in the deposition ofpf amyloid
protein (pAP) in the cortical ribbon of
30/o ofpatients who survived for less than
two weeks. Multiple cortical areas have
now been examined from 152 patients
(age range 8 weeks-81 years) after a
severe head injury with a survival time of
between four hours and 2 5 years. This
series was compared with a group of 44
neurologically normal controls (age
range 51 to 80 years). Immunostaining
with an antibody to 8AP confirmed the
original findings that 30% ofcases ofhead
injury have 8AP deposits in one or more
cortical areas. Increasing age seemed to
accentuate the extent of 8AP deposition
and potential correlations with other
pathological changes associated with
head injury were also investigated. In
addition, a amyloid precursor protein
(IAPP) immunoreactivity was increased
in the perikarya ofneurons in the vicinity
of/AP deposits. The data from this study
support proposals that increased expres-
sion of 8APP is part of an acute phase
response to neuronal injury in the human
brain, that extensive overexpression of
/lAPP can lead to deposition of/AP and
the initiation of an Alzheimer disease-
type process within days, and that head
injury may be an important aetiological
factor in Alzheimer's disease.

(3 Neurol Neurosurg Psychiatry 1994;57:419-425)

Head injury is an everyday event that results
in over 100 000 hospital admissions a year in
the United Kingdom.' Clinical attention is
focused on the crisis management of the
patient in the 48 hours immediately after
injury. About a third of the patients (30 000 a
year in the United Kingdom) who survive the
initial injury experience long term sequelae
that range from permanent debilitating neuro-
logical deficits to more subtle psychiatric
symptoms. 1 2 The acute neuropathological
consequences of closed head injury have been
described in some detail and include contu-
sional injury,3 diffuse axonal injury,4 hypoxic
or ischaemic damage,5 and raised intracranial
pressure.6 There is a considerable body of

data indicating that head injury is linked to a
chronic neurodegenerative process, although
in most studies the pathological basis of this
process is unknown. This general lack of
insight linking cause and effect has been dis-
pelled in studies that have investigated the
molecular pathology of the punch drunk syn-
drome in boxers (dementia pugilistica).
The repeated blows to the head experi-

enced by professional boxers are associated
with a well characterised, progressive dement-
ing syndrome.7 The disease is characterised
neuropathologically by a cavum septum, neu-
ronal loss, cerebellar scarring, and intense
neurofibrillary tangle formation in the cortex.8

Dementia pugilistica had been regarded as
a separate diagnostic entity from other com-
mon dementias because the cortex showed no
appreciable plaque formation, as defined by
silver and Congo red histochemistry.8 We
have shown this to be erroneous. The brains
of boxers with dementia pugilistica contain
large numbers of ,6 amyloid protein (f8AP)
containing diffuse plaques.9 Furthermore we
have also shown that the tangles in dementia
pugilistica are ubiquitinated,"° occasionally
decorated with flAP,"1 and are immunologi-
cally indistinguishable from those seen in
Alzheimer's disease.'2 We have argued that a
preponderance of diffuse plaques such as
those seen in the cortex in dementia pugilis-
tica might indicate a long term consequence
of head injury."3 Similar patterns of molecular
neuropathology have been described in other
trauma-related cases of dementia-a 33 year
old man with a single incidence of head
injury"3 and an elderly woman with a history
of domestic violence and repeated blows to
the head.'4 We have also reported the pres-
ence of flAP deposits in the cortex of 30% of
patients dying of a single incidence of severe
head injury."I

Together these observations give a consid-
erable insight into the molecular events that
underlie the chronic effects of head injury.
They provide powerful support for the pro-
posal that head injury could, in some
instances, trigger the process of Alzheimer's
disease; an association that has been sup-
ported by epidemiological'6'9 and neuro-
pathological studies.'2 '9 If such interpretations
are correct they represent an important
advance in our understanding ofhow environ-
mental factors (commonly believed to be
involved in over 80% of cases of Alzheimer's
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disease) trigger or modulate the central patho-
logical event in Alzheimer's disease the over-
expression and metabolism of the ,B amyloid
precursor protein (J8APP) to flAP.2021
Our preliminary data reporting the pres-

ence of PAP deposits in the cortex of patients
dying within two weeks of severe head injury'5
are clearly central pieces of evidence in the
study of the environmental determinants of
Alzheimer's disease. It has been argued, how-
ever, that our findings on the punch drunk
syndrome and post-traumatic Alzheimer's dis-
ease have been limited to extremes of the clin-
icopathological spectrum and this is a cogent
criticism. Also, it has been suggested that our
observations on patients with severe head
injury might be an artefact related either to
the age of the patients or an accumulation of
flAP in macrophages surrounding the vascular
lesions found in these patients.
Thus to test our hypothesis that head injury

can trigger,AP deposition in the cortex we
examined the brains of over 150 patients who
died within weeks of severe head injury and
compared their pattern of pathological stig-
mata with that of a group of 44 well charac-
terised age matched controls.

Materials and methods
PATIENTS
A total of 152 patients (109 males) with
severe head injury were studied (age range 8
weeks to 85 years) with survival times ranging
from four hours to 2-5 years. Most of the
injuries were attributable to road traffic acci-
dents or to falls.
A full postmortem examination was under-

taken in every case. The brains were sus-
pended in 10% formol saline for three to four
weeks, before being dissected in a standard
fashion: the cerebral hemispheres were sliced
in the coronal plane, the cerebellum at right
angles to the folia, and the brainstem horizon-
tally. Comprehensive histological studies were
undertaken in each case. In 116 cases (those
processed before 1990) a comprehensive data
set was also available that contained assess-
ments of the amount of contusional injury,3
the severity of any diffuse axonal injury,4 the
severity of any ischaemic damage,5 and
whether the intracranial pressure had been
high during life as a result of supratentorial
expanding lesions.6

Control material was obtained from a large
series (n = 45, age range 51 to 80 years, 26
male) of patients. None of these patients had
evidence of significant head injury or of neu-
rological or psychiatric disease in life. The
exclusion of controls with head injury is a sig-
nificant difference between our study and that
of Davies et al.22

IMMUNOCYTOCHEMISTRY
At least two cortical areas (including the
whole temporal lobe and parietal cortex) were
examined from each case. All sections were
pretreated with 80% formic acid for eight
minutes and then incubated overnight with a
monoclonal antibody to flAP (1/6F/3D) at a

dilution of 1:1000. They were then processed
according to a previously described protocol23
and counterstained with haematoxylin.

Sections were examined blind and the
extent of,AP deposition was examined and
semiquantitative ratings of the amount of flAP
deposition were made. The number of
deposits were rated using a slightly modified
Consortium to Establish a Registry of
Alzheimer's Disease (CERAD) protocol.24 As
originally described this protocol used silver
stained sections to assess the numbers of neu-
ritic plaques. The illustrations given in the
protocol provide a simple means of accurately
conveying an idea of the numbers of plaques
in a given area. We have used our immunocy-
tochemical techniques and the CERAD
approach to convey an idea of the numbers of
flAP deposits in our material.
A subseries of cases (n = 11) with and

without fAP deposits was selected at random
to explore the pattern of immunoreactivity
exhibited by ,iAPP. Immunoreactivity to
,BAPP was detected with a well characterised,
commercially available monoclonal antibody
to the C-terminal of ,BAPP (clone 22C 11,
Boehringer, dilution 1:20).

Results
flAP IMMUNOREACTVITY
When examined microscopically 30% (46 of
152) cases were found to exhibit ,BAP deposits
(fig 1). A case was defined as positive for fAP
deposition if one or more cortical areas con-
tained a minimum number of deposits equiva-
lent to the rating of "sparse" according to our
modification of the CERAD protocol.

In the controls there were no flAP positive
patients under the age of 60. Patients between
the ages of 60 and 80 showed positivity rates
of over 50%. The proportion of cases of head
injury with flAP deposits was greater than that
seen in controls (fig 2). Deposition of fBAP
was not seen in patients with head injuries
under the age of 10 years. The youngest posi-
tive cases was only 10 years old and some
20% of cases in their teens, 20s and 30s
showed limited ,BAP deposition. Increasing
age was associated with increasing rates of
positivity (fig 2). As in our previous study the
pattern and local amounts of flAP deposits
differed from case to case. Of the regions
examined, the medial temporal cortex was the
area most often affected.
The frequency and extent of fAP deposits

increased dramatically over 60 years of age in
both the controls and the subjects with head
injuries. The positivity rate for fAP deposition
in these older patients, although reaching over
50%, was still significantly less than the 70%
seen in the patients with head injuries of the
same age (fig 2). In addition there were fewer
flAP deposits in controls than in patients with
head injuries of the same age.

/APP IMMUNOREACTIVITY
A total of 11 cases of head injury (age range
18-65, six flAP positive and five negative)
were examined with the ,BAPP antibody. A
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Figure 1 flAP
immunoreactive deposits in
thefrontal cortex of a 46
year old man who survived
for 10 days after injury
(A,B); /IAPP
immunoreactivity in
cortical perikarya in an 18
year old man who survived
forfive days (C); and in
damaged axons in a 60
year old man who survived
for 24 hours (D). Scale
bars = 200 ,umforA and
100 um for B,C, and D.
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generalised increase in JBAPP immunoreactiv-
ity was evident in all the cases examined, par-
ticularly in the neurons of cortical layersm and
IV (fig 1). ,BAPP was also present in isolated
structures resembling dystrophic neurites and
within dystrophic neurites associated with neu-

ritic plaque structures. These plaque structures
also contained the central flAP immunoreac-
tive deposits that typify neuritic, classical, or

senile plaques. This type of plaque was, how-
ever, restricted to the oldest cases.

flAPP immunoreactivity was pronounced in

the damaged axons of the white matter (fig 1).
Immunoreactivity was noted both proximal
and distal to the site of damage. The pattern
of )A.PP immunoreactivity matches with the
pattern of diffuse axonal injury visualised after
silver impregnation.4
The increased neuronal flAPP immunore-

activity was a more widespread phenomenon
than the deposition of flAP. Increased num-

bers of ,BAPP immunoreactive neurons were

often present, however, in the immediate
vicinity of 1GAP deposits.
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** Table 2 Median, range, and interquartiles (I-Q) for age
10 and coma in the two groups
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CLINICOPATHOLOGICAL CORRELATIONS
A full data set on a series of clinical observa-
tions and global rankings of brain pathology
was readily available for 116 cases from the
Glasgow database. Therefore a detailed analy-
sis of the relationship between pathological
factors was limited to this subset of cases.
Twenty nine of 116 patients were flAP posi-
tive (24%). This was not significantly differ-
ent from the positivity rate of the whole
sample. Table 1 shows a full list of variables
examined.

Overall the positive cases were older as
expected from a consideration of fig 2 (table
2). There was no clear difference between the
flAP positive and negative cases for sex,
degree of coma on admission (table 2), oper-
ated haematoma, raised intracranial pressure,
brain swelling, low blood pressure, or survival
time. The only statistically significant differ-
ence between the groups was in the increased
degree of clinically rated hypoxia in the flAP
negative group, but this result was not signifi-
cant after application of the Bonferroni cor-
rection for multiple testing.

There was no difference between the two
groups when compared for the presence of
skull fracture, severe diffuse axonal injury, or
neuropathologically assessed moderate or
severe hypoxic brain injury (table 1). The last
result seems to confirm that the significant
difference between the groups for clinical rat-
ing of hypoxia was an artifact of multiple test-
ing.

There were significantly more falls (69%

Table 1 Rate of occurrence of clinicalfeatures in the two groups

flAP present #lAP absent P2,-p (95% CI)
(P ) (P9 (%/0)

Male 17/29 (59) 66/87 (76) 17(-3 to 37)
DAI 5/18 (28) 17/68 (25) -3(-26 to 20)
Raised ICP 21/29 (72) 62/86 (72) 0(-19 to 18)
Hypoxic brain damage

(moderate/severe) 8/27 (30) 34/79 (43) 13(-7 to 34)
Operated intracranial
haematoma 7/29 (24) 24/87 (28) 4(- 15 to 22)

Brain swelling 14/29 (48) 50/86 (58) 10(-11 to 31)
Clinically low BP 8/28 (29) 15/76 (20) - 9(- 28 to 10)
Clinical signs

of hypoxia 2/29 (7) 26/78 (33) 26(13 to 40)
Survival time

< 24 hours 12/29 (41) 21/86 (24) - 17(-37 to 3)
> 72 hours 11/29 (38) 34/86 (40) 2(- 18 to 22)

Percentages in parentheses; 95% CI = 95% confidence interval; DAI = diffuse axonal injury;
ICP = intracranial pressure; BP = blood pressure.

(95% CIfor
/3APpresent flAP absent median difference)

Age:
Median 60 26 (20 to 37)
Range 21-83 0-74
I-Q 46,68 17,46

Coma score:
Median 6 6 (-1 to 2)
Range 3-15 3-15
I-Q 4,11 4,11

compared with 34%) and fewer road traffic
accidents (31% compared to 55%) in the,AP
positive patients (X2 = 12 26 with 2 df, p =
0 002). Also, 15 of the 87 negative cases

(17%) had other causes of injury (for
instance, assaults or unknown).

Discussion
In this study, based on the data from a total of
197 cases, we have confirmed our preliminary
findings that about 30% of patients dying as a
result of a severe head injury show evidence of
cortical flAP deposition. The flAP deposition
is qualitatively different from and significantly
more extensive than anything seen in controls.
The data confirm and extend those detailed in
our preliminary report and support the pro-
posal that increased expression of,BAPP is a

response to neuronal injury.'5 In certain sus-

ceptible patients this response evolves into the
preliminary stages of an Alzheimer type
pathological process.
The most clearly identified causes of

Alzheimer's disease are genetic and involve
the overexpression or altered metabolism of
JGAPP. Patients with Down's syndrome inex-
orably develop the characteristic pathology of
Alzheimer's disease-presumably due to a

lifelong overexpression of /JAPP arising from
the additional copy of chromosome 21.25
Several families with autosomal dominant
Alzheimer's disease are now known to have
point mutations within the,APP gene.26 It
therefore seems likely that extended periods of
increased ,BAPP expression or changes in
/IAPP structure increase the likelihood of
generating ,BAP fragments and subsequent
triggering of the cascade of Alzheimer's
pathology.2027
Most cases of Alzheimer's disease (80%)

are thought to be caused by environmental
factors that may or may not interact with the
patients' genotype.2' Thyroid problems,
maternal age, solvent exposure, aluminium
toxicity, and transmissible agents have all
been suggested as relevant aetiological deter-
minants.28 Head injury is the environmental
factor most consistently associated with the
disease, however.29 Interestingly, head injury
also seems to precipitate the onset of
Alzheimer's disease in patients with ,BAPP
gene mutations. In two separate pedigrees
with well defined ages of onset a family mem-
ber with precocious onset (10 years younger
than the mean) was found to have a history of
significant head injury (J Hardy, personal
communication).

Figure 2 Incidence of
flAP positive cases ofhead
injury (EO) and controls
(-) in each decade. The
numbers above the columns
refer to the total number of
cases examined in each
decade. Control data are
restricted to the last three
columns (**p < 0 01;
2 test).
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Both the epidemiological evidence (associ-
ating head trauma and Alzheimer's disease)"8
and the neuropathological studies detailing
the similarity between dementia pugilistica
and Alzheimer's disease,9-12 have aroused
interest in the relation between response to
brain injury and subsequent neurodegenera-
tion. Acceptance of the concept that head
injury can act as an environmental precipitant
of Alzheimer's disease has been complicated,
however, by the lack of a clear understanding
ofhow an event such as head injury, limited in
time and place, can relate to or trigger a long
term process of neurodegeneration. For
example, in the case of some boxers there may
be an interval of 35 years between the initiating
events and the neuropathological investiga-
tion to determine the basis of clinical symp-
toms.9 Thus, whereas evidence from such
studies is compelling in terms of reinforcing
the causal link between brain injury and an
Alzheimer type pathology, it is of limited
value in furthering our understanding of the
molecular events which trigger and subse-
quently sustain the neurodegenerative process.
The data presented in this study represent the
first steps in exploring the molecular neuro-
pathology of these events in the human brain.
The results show that severe head trauma

can be associated with deposition of fiAP in
the cortex of patients, some with very short
survival times. Such deposits can occur in
patients as young as 10 years of age and a
comparison with the extent of flAP deposition
in controls22 23 indicates that the phenomenon
is pathological and not an artefact of ageing.
This finding is reinforced by the significantly
increased rates of positivity for flAP deposi-
tion in our patients with head injury over 50
years of age compared with their age and sex
matched controls (fig 2, p < 0 01).
From the available clinical data we have

attempted to determine which factors might
be associated with flAP deposition. The statis-
tical analyses suggest that cases of head injury
with ,8AP deposits are significantly more likely
to have been injured in a fall than those with-
out (p < 0-002). The incidence off,AP depo-
sition increases with age. Both fall-related
injuries and age are associated with the pres-
ence of intracranial mass lesions and these
factors are associated with increased mortal-
ity.30 The nature of the association between
falls, age, and flAP deposition is unknown but
is clearly of considerable interest in relation to
the clinical outcome of the patient after a
severe head injury. It should also be noted in
this context that increasing age is by far the
most significant risk factor for Alzheimer's
disease.3" 32

Increases in neuronal /IAPP immunoreac-
tivity are readily detectable in patients with
head injuries. No case was found to have flAP
deposition in the absence of increased /IAPP
immunoreactivity. This finding has since been
confirmed in a further study." In the light of
this we suggest that whereas flAP deposition is
contingent on increased amounts of neuronal
,BAPP it is by no means an inevitable conse-
quence. Our findings indicate that this princi-

ple holds true even in specific areas within an
individual brain. This finding is less paradoxi-
cal than it seems as /iAPP expression is regu-
lated at the level of the single neuron.'4 Thus a
single injury may result in the differential reg-
ulation of JIAPP, perhaps with differing time
courses, even in neighbouring neurons.

In animals increased f,APP immunoreactiv-
ity can be seen after experimental concussive
head injury,'5 ibotenic acid injection,'6 and in
other models of brain injury.'7 This increase
in ,BAPP immunoreactivity reflects either a
reduced breakdown or an increased expres-
sion of the protein. Both processes may play a
part and neither process can be categorically
excluded but the available experimental evi-
dence favours the second possibility. Increases
in /)APP mRNA have been reported in reac-
tive astrocytes after kainic acid induced neu-
ronal damage.38 Furthermore it seems that
there is a selective induction of fAPP mRNA
containing the Kunitz protease inhibitor
domain (8APP 751/770) in the cortex of rats
with middle cerebral artery occlusions39 and
experimental models of epilepsy.40 The
dominant fAPP mRNA species (#APP 695)
remained unchanged in these animals. In axo-
tomised animals /IAPP expression also
increased in dorsal root ganglion cells.4'

In humans flAPP immunoreactivity accu-
mulates within axonal swellings around cere-
bral infarcts42 and in situ hybridisation studies
have shown that in Alzheimer's disease there
is increased expression of the /)APP 751 tran-
script in cortical areas before the appearance
of neuritic plaques and tangles.4' Preliminary
quantitative studies (unpublished) in humans
indicate that after head injury, numbers of
flAPP immunoreactive neurons are increased
by over 500% compared with age and sex
matched controls. Recent work on the metab-
olism of /'IAPP suggest that small amounts of
the fiAP amyloidogenic protein are produced
during normal processing.4445 These are
important findings as they show that the
occurrence of a de novo pathogenetic process-
ing step is not a precondition for the produc-
tion of flAP from flAPP. Such experimental
studies strongly support the hypothesis that
situations leading to increased flAPP expres-
sion provide sufficient potential for the subse-
quent pathogenesis of flAP deposition and
subsequent Alzheimer's disease.29

Clearly the presence of flAP deposits in the
cortex does not signify the full pathophysio-
logical phenomenon of Alzheimer's disease. It
is accepted, however, that Alzheimer's disease
is a dynamic process that takes many years to
manifest itself in the form recognisable by
didactic clinical and pathological vignettes. It
follows that Alzheimer's disease has early and
late stages. This admittedly simplistic state-
ment is worthwhile making as it allows us to
reiterate that our study is concerned with the
earliest stages of Alzheimer's disease.

There are at present no suitable animal
models of Alzheimer's disease. The best
model available for studying the molecular
neuropathology of the early stages of the
disease comes from a careful examination of
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the brains of patients with Down's syndrome
(trisomy 21) most ofwhom have an additional
copy of the ,BAPP gene. Extrapolation from
such studies suggests that overexpression of
,BAPP over many years eventually triggers a
pathological cascade that begins within the
medial temporal lobe. This cascade manifests
itself as increased flAPP immunoreactivity in
neurons and neurites, initial deposits of flAP
in the form of diffuse plaques, and finally the
formation of classic plaques and tangles. The
full process may take some 30 years.
Our data show that the immediate effects of

head injury (increased amounts of,BAPP in
neurons and neurites and deposition of flAP
in diffuse deposits) are consistent with what
we know about the earliest stages of
Alzheimer's disease and support our con-
tention that a study of such material might
provide a useful model to dissect the molecular
neuropathology of the initiating events in
Alzheimer's disease.
The combined data from animal and

human studies suggest that the induction of
,BAPP 751/770 in the brain is a normal
response to neuronal stress (analogous to a
heat shock response) and as such increased
expression of ,BAPP can be regarded as part of
the acute phase response of the brain to
injury. Sustained expression of the ,BAPP
component of the acute phase response might
well be associated with an increased risk of the
pathological deposition of flAP and subse-
quent neuritic dystrophy.2732 Differences in
ability to maintain control of this response
within the brain may underlie the presence of
flAP deposition in only 30% of patients with
head injuries.
As ,BAPP overexpression and subsequent

deposition is a critical part of both the acute
phase response and the pathological process
of Alzheimer's disease then it can be argued
that manipulating the factors that control the
acute phase response will affect /IAPP expres-
sion and may influence the development of
Alzheimer type pathology.2' 46 Preliminary
experiments in animals with a potent inter-
luekin- 1 receptor antagonist (recombinant
version of a naturally occurring acute phase
response inhibitor) indicate that this approach
may be useful21 and clinical trials in humans
indicate little or no adverse toxicology.47

Confocal microscopy in animals has shown
that,BAPP is colocalised with synaptic vesicles
and that the amount of,BAPP found within a
neuron might relate to its level of synpatic
activity.34 Consequently alterations in,APP
metabolism might be expected to have pro-
found effects on synaptic transmission. It can
be speculated that the physiological role of
,BAPP during the acute phase response is to
stabilise damaged synaptic membranes and
thus enable synaptic plasticity and facilitate
repair and regeneration.27 It is a neuropsychi-
atric irony that the normal, probably protec-
tive, response of increased flAPP expression
could, if poorly controlled, metamorphose
into the pathological processes of neurode-
generation and destruction that characterise
Alzheimer's disease.

This work was funded by a Medical Research Council project
grant and the Mental Health Foundation. SMG is an
Alzheimer's Disease Society Research Fellow.
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